We demonstrate an optical frequency standard based on rubidium vapor loaded within a hollow-core photonic crystal fiber. We use the 5 S 1∕2 → 5 D 5∕2 two-photon transition, excited with two lasers at 780 and 776 nm. The sum-frequency of these lasers is stabilized to this transition using modulation transfer spectroscopy, demonstrating a fractional frequency stability of 9.8 × 10 −12 at 1 s. The current performance limitations are presented, along with a path to improving the performance by an order of magnitude. This technique will deliver a compact, robust standard with potential applications in commercial and industrial environments. There is a great deal of interest in the development of compact, robust, efficient, and relatively inexpensive atomic frequency standards aimed at commercial and industrial markets, where frequency stabilities in the range of 10 −10 to 10 −13 are desired. These devices, based on either optical [1, 2] or microwave [3, 4] atomic transitions, are aimed at applications such as telecommunication [4] and navigation systems [5] . One such commercial device has achieved a fractional frequency stability of 2.5 × 10 −10 τ −1∕2 for integration times of 1 < τ < 1000 s [4] . Here, we demonstrate a device that could be of similar size, that outperforms this commercial product by an order of magnitude over short time scales with another order of magnitude in performance through to be achievable. This is achieved through a novel twin approach: first, a hollow-core photonic crystal fiber (HC-PCF) is used in combination with a two-photon transition in rubidium (Rb) and second, exploitation of the energy level structure of Rb to enhance the two-photon transition rate using a two-color excitation technique.
The most stable laboratory-based optical Rb frequency standards utilize the 5 S 1∕2 → 5 D 5∕2 two-photon transition and have demonstrated a frequency stability of 3 × 10 −13 τ −1∕2 for 1 < τ < 1000 s [6, 7] . This transition can be excited in a Doppler-free configuration [8] , resulting in a linewidth of 334 kHz, limited by the natural lifetime [9] of the 5 D 5∕2 state. These standards use a single 778 nm laser tuned to half the energy difference between the 5 S 1∕2 and 5 D 5∕2 states. To increase the Rb two-photon transition rate, and thereby the potential frequency stability, an optical cavity is typically used to increase the optical power interrogating the transition [6, 7] . This makes these clocks complex and fragile devices.
This Letter presents an alternative approach that avoids the complexity of an optical cavity [6, 7] through the use of HC-PCF. The geometry of a HC-PCF allows production of high optical intensities, at low input powers, over arbitrary lengths. Such attributes enhance light-atom interactions, improving the signal-to-noise ratio of frequency stabilization signals. Moreover, the flexibility and small volume of HC-PCF makes it an excellent basis for a compact, robust, and efficient high-performance frequency standard.
In our scheme, further enhancement of the two-photon transition is gained over previous work [6, 7] by using a two-color excitation technique. Two lasers at 780 and 776 nm were used to drive the two-photon Fig 1(a) , with a small detuning from the intermediate 5 P 3∕2 state. A detuning of Δ ≈ 2 GHz was used which, when compared to the single laser 778 nm based standards [6, 7] with Δ ≈ 1 THz, provided a 10 8 enhancement in transition rate [10] . The two-photon transition displayed a spectral full-width at half-maximum of 10.4 MHz, limited predominantly by transit time broadening in combination with residual Doppler and magnetic field broadening [11] . At typical driving powers used here, the transition exhibited ≈5% absorption of the 780 nm laser within the HC-PCF. In this scheme, neither the 780 nor 776 nm lasers were individually frequency stabilized: it was the sum-frequency of these lasers that was stabilized to the 5 S 1∕2 and 5 D 5∕2 energy level difference.
Figure 1(c) shows the optical setup used to excite the two-photon transition, along with the electronic feedback systems. The two driving lasers were an extended cavity diode laser at ∼780 nm and a titanium:sapphire laser at ∼776 nm. The lasers' optical modes were spatially filtered by single mode fibers, and their polarizations were set to be linearly orthogonal, enabling their separation after the HC-PCF. Doppler-free spectroscopy of the two-photon transition was achieved by coupling the lasers into opposite ends of the HC-PCF using 60 mm lenses.
The HC-PCF used had a kagome-style cladding structure [12] , shown in Fig 1(b) , with a core diameter of 45 μm, which together provided low-loss multimode guidance from 600 to 1600 nm. Observation of the Rb vapor's fluorescence was used to qualitatively measure variations of the Rb density along the length of the fiber. This revealed over half of the 40 cm fiber contained measurable quantities of Rb, although the density decreased along the fiber's length.
After the HC-PCF, the lasers were separated using polarizing beam splitters. A diffraction grating further isolated the 780 nm beam from any residual 776 nm light before detection with an avalanche photodiode.
A frequency discrimination signal was generated using a variant of modulation transfer spectroscopy (MTS) [13] . This was achieved through frequency modulating the 776 nm laser at 5 MHz (modulation depth ∼5 MHz) using an acousto-optic modulator (AOM). Through the nonlinear light-atom interaction, this modulation was transferred into amplitude modulation on the 780 nm laser. This technique avoids background contamination [13] that would otherwise deteriorate the frequency discriminator signal.
Stabilization of the lasers' sum-frequency to the MTS discriminator signal was achieved by controlling the frequency of the 780 nm laser. The control loop bandwidth was 100 kHz, limited by the laser controller. This stabilization effectively compensated for the frequency fluctuations of the uncontrolled 776 nm laser (∼5 MHz over 1000 s).
The frequencies of both lasers were compared to two modes of a commercial fiber frequency comb that was locked to a hydrogen maser. Each optical comb mode exhibited a frequency stability of ≈5 × 10 −13 at 1 s. The mixing products between the closest comb modes and the two lasers were separately measured on synchronously triggered counters. The sum-frequency was obtained by post processing the recorded beat notes.
The typical optical powers used to drive the twophoton transition were 3 and 4 μW for the 780 and 776 nm lasers, respectively. Even for these low powers, intensities within the fiber were large enough to produce substantial light shifts, thus the laser power coupled into the fiber were actively controlled. This was achieved by detecting the transmitted power of both lasers with a photomultiplier tube and photodiode, respectively. These signals were stabilized via attenuation of the corresponding AOM. Once stabilized, the light shift induced by each beam were investigated by varying the set point of each power control loop independently and monitoring the induced shift in the sum-frequency. The values obtained were 540 20 kHz∕μW and 29.7 0.2 kHz∕μW for the 780 and 776 nm beams, respectively. Using these measured light shift sensitivities, the frequency shifts and fluctuations calculated from the operating optical powers and residual fluctuations are presented in Table 1 .
The scale of the light shifts, measured above, depend on the detuning of both the 780 and 776 nm lasers from the intermediate state. Hence, uncontrolled frequency fluctuations of the 776 nm laser, and corresponding 780 nm corrections, cause additional light shifts. These shifts are proportional to 1∕ω 2 ij − ω 2 l , where ω ij is the transition frequency from level jii to jji and ω l is the laser frequency. Using the measured drift of the 776 nm laser and the calibrated light shifts discussed above, an estimate of 10 −14 stability is calculated for this noise source.
The measured fractional frequency stability of the stabilized sum-frequency is shown in Fig. 2 . Also shown is the instability in the sum-frequency when both lasers are free-running. A stability of 9.8 × 10 −12 was measured at an integration time of 1.3 s, which averaged down to a minimum of 5.9 × 10 −12 at an integration time of ∼10 s. The dominant noise source was associated with alignment-driven coupling fluctuations of the lasers to the HC-PCF. Varying alignment of the input light modified the particular set of high-order optical modes that are excited within the fiber. Consequently, the mode shape and intensities are altered in the region where the 780 and 776 nm lasers overlap within the HC-PCF. These created varying light shifts that cannot be compensated for by simply controlling the overall power in the counterpropagating modes. An estimate of the frequency noise induced by this effect was made using a quadrant photodiode to measure the alignment fluctuations associated with movement of the HC-PCF within the vacuum system. Calibration of this motion, in terms of frequency shift, was made by displacing the in-coupling lens by a known amount and measuring the associated sumfrequency shift, which corresponded to 63 15 kHz∕μm. During this calibration the power control loops were engaged, eliminating overall power fluctuations as a cause of the frequency shifts. The resulting frequency noise estimate is within a factor of two of the measured stability, as shown in Fig. 2 . Frequency noise induced by collisional and magnetic field noise are negligible at current performance levels. At the operating system temperature (90 5°C), Rb-Rb collisions produce frequency fluctuations and shifts [6] , which are presented in Table 1 . Shifts induced by magnetic fields were estimated by observing the two-photon transition while increasing the local magnetic field, yielding shifts of ≈ − 1.8 1.0 MHz∕G. Hence, ambient magnetic field levels of ≈0.5 G with a noise of <1 mG caused a frequency shift of −960 kHz and noise of 10 −12 . Electronic and optical noise sources were investigated by monitoring the frequency error signal when detuned out of resonance with the two-photon transition. A limit of ≈10 −13 fractional frequency stability was obtained originating from the shot-noise of the 780 nm light detected by the APD. These values demonstrate the potential stability achievable at this excitation level if the noise associated with fluctuating transverse mode structure within the HC-PCF could be eliminated.
A pathway for improvement is seen by removing optical mode fluctuations within the fiber. Similar alignment fluctuations have previously been reduced by more than an order of magnitude using active alignment systems [1] . The ultimate approach consists of loading Rb within an HC-PCF supporting only single mode guidance at 780 nm and sealing the fiber by splicing single mode fibers onto both ends. This approach removes both in-coupling alignment fluctuations along with the need of a vacuum system. This is a route for this platform to achieve frequency stabilities at the level of ≈10 −13 , which would match previously demonstrated Rb two-photon frequency standards [6] and begins to rival the stability of Rb fountain clocks [14] and hydrogen masers.
In conclusion, we demonstrate an optical frequency standard with a fractional frequency stability of 9.8 × 10 −12 at a 1.3 s integration time. This standard is based on a two-photon two-color Doppler-free transition of a Rb vapor loaded within an HC-PCF, to which the sumfrequency of the two lasers stabilize. Stability was limited by optical mode shape changes within the fiber, driven by in-coupling alignment fluctuations. A route for improved stability is outlined, which should achieve ≈10 −13 fractional frequency stability at integration times of 1 s. This architecture could lead to compact, robust, and efficient frequency standards.
